Effects of cigarette smoking and carbon 
monoxide on nicotine and cotinine 
metabolism 


Objectives: To examine the effects of cigarette smoking on the disposition kinetics of nicotine and cod nine, 
to determine the effects of cigarette smoking on pathways of nicotine and cotinine metabolism, and to 
test the hypothesis that carbon monoxide Inhibits the metabolism of nicotine. 

Study design: Twelve cigarette smokers were studied in three treatment conditions, each lasting 7 days, 
during which they smoked cigarettes, breathed carbon monoxide to achieve carboxyhemoglobin levels sim¬ 
ilar to cigarette smoking, or breathed air. In each treatment condition, subjects received a combined infu¬ 
sion of deuterium-labeled nicotine (dg) and cotinine (d^), with measurement of disposition, kinetics and 
urine metabolite profile. 

Results; Cigarette smoking significantly inhibited the metabolism of nicotine but had no effect on coti¬ 
nine metabolism. Cigarette smoking markedly induced the 0-gIucuronidation of trans-3'-hydroxy cotinine 
but had no effect on the /V-glucuronidation of nicotine or cotinine. Carbon monoxide had no effect on 
nicotine or cotinine kinetics or metabolic profile. 

Conclusions! This study confirms previous observations that cigarette smoking Inhibits nicotine metabo¬ 
lism but disproves the hypothesis that this effect Is due to carbon monoxide. Induction of glucuronlda- 
tion must be considered in understanding the effects of cigarette smoking on drug metabolism. (Clin 
Pharmacol Ther 2000;67:653-9.) 


Neal L. Benowitz, MD, and Peyton Jacob XII, PhD San Francisco , Calif 


Cigarette smoking is maintained by the effects of 
nicotine on the smoker, and smokers tend to regulate 
their daily intake of nicotine from cigarettes. 1 There¬ 
fore the rate of nicotine metabolism could influence 
smoking behavior and the risk of the development of 
smoking-related diseases. In previous studies we found 
that the metabolic clearance of nicotine is slower in 
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smokers compared with that in nonsmokers h 3 This 
result is in contrast to the well-known effects of ciga¬ 
rette smoking to accelerate the metabolism of many 
other drugs. 4 

Nicotine is metabolized primarily by oxidative metab¬ 
olism to cotmine, a reaction believed to be catalyzed 
predominantly by CYP2A6. 5- ® Cotmine is subsequently 
metabolized, primarily to 3'-hydroxycotinine, also 
believed to be mediated predominantly by CYT2A6. 5 
Nicotine and cotinine are also conjugated to form N- 
glucuronides, whereas 3'-hydroxycotirdne is conjugated 
to an C?-gIucuronide. s In a previous study we showed 
that end-product inhibition, that is, cotinine inhibiting 
the metabolism of nicotine, could not explain the effects 
of cigarette smoking an nicotine metabolism. 10 Another 
hypothesis is that carbon monoxide might be inhibiting 
nicotine metabolism. Carbon monoxide is known to 
inhibit CYP450 activity in vitro and has been shown to 
inhib it barbiturate metabolism inratS.lhI2 

The aims of this study were (1) to examine the effects 
of cigarette smoking on the disposition kinetics of nico¬ 
tine and cotinine, (2) to determine the effects of ciga¬ 
rette smoking on pathways of nicotine and cotmine 
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metabolism, and (3) to test the hypothesis that carbon 
monoxide inhibits the metabolism of nicotine, lb 
accomplish the last aim, we developed a novel delivery 
system to expose subjects to carbon monoxide at lev¬ 
els and in a pattern similar to those experienced during 
cigarette smoking. 

METHODS 

Subjects. The subjects were 12 healthy men who 
were regular cigarette smokers. The subjects (age 
range, 27 to 47 years) smoked an average of 28 ciga¬ 
rettes per day (range, 18 to 40) and had smoked for an 
average of 22 years (range, 6 to 33 years). US Federal 
Trade Commission yields for the usual brands of ciga¬ 
rettes averaged 16.7 mg tar, 1.2 mg nicotine, and 15.5 
mg carbon monoxide. Plasma cotinine concentration 
obtained during outpatient screening before entry into 
the study averaged 316 ng /mL (range, 184 to 603 
ng/mL). The Fagerstrom dependence questionnaire 
soore averaged 7.6 (range, 6 to 10). 

The subjects were recruited by advertisement in local 
newspapers and were financially compensated for par¬ 
ticipation. The subjects were either unemployed, 
employed part-time, or self-employed. Five of the sub¬ 
jects consumed alcohol at least weekly (range, 147 to 
400 g/week). All subjects denied use of illicit drugs, 
including marijuana. 

The number of subjects was based on a power analy¬ 
sis for repeated-measures ANOVA of nicotine clearance 
to detect an effect size of 25% assuming a coefficient 
of variation of 25% with a = 0.05 and p = 0.2. 

Experimental protocol. The subjects were studied as 
inpatients on the General Clinical Research Center at 
San Francisco General Hospital Medical Center, where 
they were confined for 21 days. The study was con¬ 
ducted with a within-subject crossover design with 
three treatments: cigarette smoking, inhalation of car¬ 
bon monoxide, and inhalation of air. Each treatment 
was a dmini stered for 7 days, and the sequence of treat¬ 
ments was balanced across subjects with 3x3 Latin 
squares. In the smoking treatment subjects smoked 20 
cigarettes per day, one every 45 minutes from 8 AM to 
10:15 pm. This treatment could not he blinded. In the 
air and carbon monoxide conditions, subjects inhaled 
air or carbon monoxide from 1-L bags once every 
minute for 10 minutes to simulate the intake of carbon 
monoxide from cigarette smoking. The inhalation 
sequence was repeated 20 times per day, on the same 
schedule as cigarette smoking. The concentration of 
carbon monoxide in the tank ranged from 1200 to 1500 
parts per mill ion (ppm), the concentration calculated to 
deliver similar doses of carbon monoxide to the smoker 


as that delivered by a cigarette. Three subjects inhaled 
1200 ppm and 9 subjects inhaled 1500 ppm carbon 
monoxide. The air and carbon monoxide treatments 
were blinded to the subjects. Details of the carbon 
monoxide administration system are provided in the 
following text. 

On the fifth day of each treatment block, subjects 
were administered a 30-minute infusion of a 50:50 mix¬ 
ture of 3',3'-didcuteronicotine (nicotme-dj) and 2,4,5,6- 
tetradeutcrocotinine (cotinine-dri. Doses of nicotine 
and cotinine, expressed as base, were 1.0 pg/kg/jnin 
(four subjects), 1.5 pg/kg/min (four subjects), and 2.0 
Jig/kg/m in (four subjects). The dose was the same for 
a given subject across treatments. Our usual dose of 

nicotine and cotinine for clearance studies is 2 
pg/kg/min, but we were concerned because subjects 
receiving nicotine at times when they are not smoking 
cigarettes would he expected to be more likely to have 
nicotine toxicity. However, we found this not to be the 
case as we gradually increased the dose in successive 
subjects. Venous blood samples for measurement of 
nicotine and cotinine levels were collected before, 15, 
30,45, and 60 minutes after; and then 1.5,2, 3,4,6,8, 
10,12,16,20,32,44,56, and 68 hours after the begin¬ 
ning of the infusion. Urine fear measurement of nico¬ 
tine and cotinine and metabolites was collected for 8 
hours after initiation of the infusion. 

In addition, on day 5 of each treatment black, blood 
samples were collected every 4 hours over a 24-hour 
period to determine circadian exposure to nicotine and 
cotinine in the various treatment conditions. On day 4, 
subjects also received a test dose of caffeine and on day 
6 they received a test dose of chlorzoxazone to explore 
the effects of cigarette smoking and carbon monoxide 
on the metabolism of drugs by way of various meta¬ 
bolic pathways. The results of these studies will be 
reported elsewhere. 

Carbon monoxide exposure system. The source of 
gases were tanks of air or tanks Of air with 1200 or 1500 
ppm carbon monoxide. The gases were breathed through 
a mouthpiece that draws the gas from a reservoir (mete- 
orologic bag). A one-way valve allowed for inhalation 
but was shut off after the designated volume (1 L) was 
inhaled. The valve was controlled by a pneumotacho¬ 
graph that measures flow, coupled to a transducer that 
signals the valves to close after 1 L of gas flow, 

Analysis of nicotine and metabolites in biological 
fluids. Nicotine and metabolite concentrations were 
determined by gas chromatography-mass spectrometry. 
Nicotine, nicotine-3'-3'-d2, cotinine, cotinmu-2,4,.\6-iL. 
trans-3'-hydroxycotinine, and trans-3 '-hy droxycotmine- 
ri,, were dete rmin ed by published methods 1344 
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Fig l- Plasma nicotine concentrations sampled over 24-hour 
period during cigarette smoking (CS) and carbon monoxide 
(CO) treatments (n — 12; mean ± SJEM). Plasma nicotine 
levels dining air inhalation (not shown far simplicity) were sim¬ 
ilar to those observed in carbon monoxide inhalation conditions. 



Fig 2. Blood caiboxyhemoglobin (COHb) concentrations 
sampled over 24-hour period during cigarette smoking, car¬ 
bon monoxide, and air inhalation treatments {n —12; mean ± 
SEM). 


Glucuronide-conjugated nicotine, cotinine, and 
trans-3'-hydroxycotinine were measured as the differ¬ 
ence in the total concentration before and after hydro¬ 
lysis by incubation with [3 glucuronidase, as described 
previously.® Enzymatic hydrolysis was performed with 
6000 U p-glucuronidase (EC 3.2.1.31, from Helix 
Pomita, Sigma Chemical Co, St Louis, Mo). 

Data analysis. Pharmacokinetic parameters were 
estimated from blood concentration and urinary excre¬ 
tion data with model-independent methods as described 
previously. 13 Tbtal clearance was computed as follows: 

rr Dose (c:c-dj) 

Ujnic “ ADC (nic-dj) 

and 


rr .. Dose (cot-da) 

ACC (cot-dj 

in which CL is clearance and AUC is area under the 
plasma concentration-time curve extrapolated to infin¬ 
ity. Renal clearances were calculated as follows: 


infused nicotine and the clearance of cotinine itself, 
determined by infusion of cotinine, as follows: 


'-■SSI 


The metabolic clearance of nicotine by way of the coti- 
nins pathway (Cr Wc _ >cot ) was computed as CL. ac x f. 

Urine metabofite data were analyzed based on the 
urine collection over an 8-hour period after the begin¬ 
ning of the nicotine and cotinine infusion, Urine 
metabolite concentrations were expressed as a fraction 
of the total dose of nicotine administered and as a frac¬ 
tion of the total nicotine plus metabolites recovered. 
The conjugates of nicotine and its metabolites were 
analyzed as ratios compared with the unconjugated par¬ 
ent compound. 

The pharmacokinetic parameters were compared 
across treatment by repeated-measures ANOVA with a 
Tukey post test. Where variance differed substantially 
for different treatments, the data were log-transformed 
before ANOVA was done. 


Urinary excretion NIC or COT 
AUC gh 

based on urine collected and the area under the curve 
for the 8 hours after the infusion. Nonrenal clearance 
was estimated as total minus renal clearance. 

Fractional conversion of nicotine to cotinine (f) was 
estimated with blood levels of cotinine generated from 


RESULTS 

Nicotine and carbon monoxide exposure in various 
treatment conditions . Average plasma concentrations 
of nicotine and blood carboxyhemoglobin in the vari¬ 
ous treatments are shown in Figs 1 and 2. Plasma coti¬ 
nine concentrations over a 24-hour period during ciga¬ 
rette smoking (not shown) averaged 270 ng/mL (range. 
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Table I, Effects of cigarette smoking and carbon monoxide on the disposition kinetics of nicotine (n = 12) 


Cigarette smoking 

Carbon monoxide 

Air 

P Valve 

Clearance (mL/min) 

1232 * 242- 

1376 * 297 

1402 * 302 

<.01 (COA>CS) 

Nonrenal clearance (mL/min) 

1182 ±236 

1281*237 

1318*263 

.05 

Renal clearance (mL/min) 

58 ±36 

85*90 

84*46 

NS 

tjjOnin) 

154±64 

134*30 

141 *32 

.08 

V„(L) 

233 ± 84 

221 *36 

244*47 

NS 

Fractional conversion of nicotine to cotinine 

0.67*0.13 

0.63*0.10 

0.63 * 0.10 

NS 

Metabolic clearance by cotinine pathway (mL/min) 

832 * 231 

864 * 222 

883 * 247 

NS 


Dcta are presented u* mean value* * SD. 

Iwj Half-life: V w , steady-stale volume of distribution: NS, not tiyaificMt 
•Significant difference eampared with other two treatments. 


Table U. Effects of cigarette smoking and carbon monoxide on the disposition kinetics of cotinine (n — 12) 



Cigarette smoking 

Carbon monoxide 

Air 

P Value 

Clearance (mL/rain) 

50*18 

52 ±26 

46 & 14 

NS 

Nonrenal clearance (mL/min) 

48 * 19 

49*26 

43*14 

NS 

Renal clearance (mL/min) 

3.0* 12 

4.4 ±2.8 

4.3 * 1.9 

NS 

(min) 

1016* 1110 

991 ±376 

1129*312 

.08 

V„{L) 

62.8* 12.3 

64.2*10.3 

70.0* 11.4 

<05 (A>CS) 


Data tire prnstf tiled u mnftl Values £ SD. 


Table HI. Effects of cigarette smoking and carbon monoxide cm urinary recovery of nicotine and metabolites 
(n - 12)* 


Cigarette smoking (%) 

Carbon mon/xxide {%) 

Air <%) 

P Value 

Nicotine 

50*20 

50*19 

58* 17 

NS 

Nicotine glucuranide 

8*5 

7*4 

7*4 

NS 

Cotinine 

8±3 

n ±5 

10*7 

NS 

Cotinine glncuronide 

4*2 

3*3 

3*2 

NS 

3 VHydroxy cotinine 

8*17 

5*3 

4*3 

NS 

3'-Hydroxycotinme glncuronide 

5±7f 

1*1 

1*1 

<005 

Nicotme-iV-tetide 

17*12 

24*22 

16*8 

NS 


arc presented ns mean * SD. 

*B wed on excretion of nicotine-d* and metabolites as a percentage of total recovery in 5-hour wine. 
fSigmficanr difference from other treatments; analysis based on ]og-rninsfcnned dan. 


141 to 362 ng/mL). The caiboxyhemoglobin levels 
were similar in the cigarette smoking and carbon 
monoxide inhalation conditions (Fig 2). The peak car- 
boxyhemoglobin level averaged 6.7% (range, 4.5% to 
8,6%) during cigarette smoking end 5,9% (range, 4.3% 
to 7.8%) during carbon monoxide inhalation. The 24- 
hour average carboxyhemoglobin level was 5.3% dur¬ 
ing cigarette smoking (range, 3.4% to 6.8%) and 4.6% 
during carbon monoxide inhalation (range, 3.4% to 
6 . 1 %). 

Disposition kinetics of nicotine and cotinine. The 
effects of cigarette smoking and carbon monoxide on 


disposition kinetics of nicotine and cotinine are presented 
in Tables I and n and Fig 3. Cigarette smoking signifi¬ 
cantly decreased the total and noorenal clearances of 
nicotine compared with the air and carbon monoxide 
conditions. No significant treatment effect on renal clear¬ 
ance of nicotine was observed. The half-life of nicotine 
tended to be longer (P = .08) during cigarette smoking 
as well. Cigarette smoking had no effect on the clear¬ 
ance of cotinine, renal or nonrenal, or on the fractional 
conversion of nicotine to cotinine. The volume of distri¬ 
bution of cotinine was significantly lower in the cigarette 
smoking compared with the air treatment condition. 
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Fig 3. Plasma clearance of nicotine for individual subjects 
across three treatment conditions. Data on mean and SD val¬ 
ues for clearance in each treatment condition are provided in 
lable 1. 


Urine metabolite patterns. The values for percent¬ 
age recovery of nicotine and its metabolites derived 
from nicotine-d 2 that was infused are shown in Table 
XU. During cigarette smoking the 8-hour urine recov¬ 
ery of trans-3'-hydroxycotinine glucuronide was on 
average fivefold higher than in the other treatment con¬ 
ditions. No treatment effects were observed for nico- 
tine-jV-oxide excretion. Cigarette smoking had no effect 
on N-glucuronidation of nicotine and cotinine, as deter¬ 
mined either by the ratio of glucuronide to unconju¬ 
gated nicotine and cotinine or as percentage of total 
recovery of metabolites (Fig 4 and Table HI). Cigarette 
smoking did substantially increase the ratio of 3'- 
hydroxycofinine glucuronide/3'-hydroxycotinine, indi¬ 
cating accelerated O-glucuronidation. 

DISCUSSION 

The main findings of our study are as follows: 

1. We confirm previous observations that cigarette 
smoking significantly inhibits the metabolic clear¬ 
ance of nicotine. 

2. We present the first evidence that cigarette smoking 
induces Oglucuronidatioa of 3'-hydroxycoticine, 
but we find no evidence that cigarette smoking 
affects W-glucuronidation of nicotine and cotinine, 

3. We disprove the hypothesis that carbon monoxide 
inhibits the clearance of nicotine, and we show that 
carbon monoxide has, in fact, no significant effect 
on the metabolism of nicotine or cotinine. 

4. We find evidence that cigarette smoking decreases 
the volume of distribution of cotinine. 

The design of this study is novel in that it provides a 
carefully controlled paradigm for studying the effects 


Fig 4. Effects of cigarette smoking and carbon monoxide on 
glucumnidelprecorsor ratios based on 8-honr urin e collection 
(mean =t SEM). Ratios represent metabolites ofnicotme-d 2 . 
NIC, Nicotine; NIC-G, nicotine glucuronide; COT, cotinine; 
COT-G, cotinine glucuronide; 3T1C, 3'-hydroxycotinine, 
3'HC-G, 3'-hy<Iroxycotinine glucuronide. 



of cigarette smoking and carbon monoxide alone on 
drug metabolism. The carbon monoxide exposure sys¬ 
tem that is described is safe and simulates carbon 
monoxide exposure from cigarette smoking over a 
period of several days. One l imit ation of the study 
design is that in the no-smoking conditions, lasting 7 
Jo 14 days, there may not have been enough time for 
all the metabolic effects of cigarette smoking to dissi¬ 
pate. Despite the short no-smoking periods, we did find 
some substantial differences between the cigarette 
smoking and no-smoldng conditions. 

Our study confirms data fcom two earlier studies that 
cigarette smoking inhibits nicotine metabolism. Lee 
et al 2 found that the clearance of natural nicotine was 
fester in cigarette smokers after 7 days compared with 
overnight abstinence from cigarette smoking. Benowitz 
and Jacob 2 showed that the clearance of deuterium- 
labeled nicotine was faster in nonsmokers compared with 
that in age- and sex-matched smokers. Thus these two 
previous studies and this study indicate that something 
in cigarette smoking is inhibiting nicotine metabolism. 

Our data suggest that the main effect of cigarette 
smoking is to slow the metabolism of nicotine, it a pre¬ 
vious study we showed that cotinine was not responsi¬ 
ble, 20 and in this study wc show that carbon monoxide 
is not responsible for inhibition of nicotine metabolism. 
A possibility for this inhibition is the minor alkaloid 
P-niootyrine, which has been reported to inhibit nico¬ 
tine metabolism in mice. 1 ® 
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Cigarette smoking is well known to accelerate oxida¬ 
tive metabolism of a number of drugs, primarily by 
inducing the activity of CYP1AI and 1A2. It is less well 
known that cigarette smoking can have effects on conju¬ 
gation of drugs. 4 In this study we find evidence that cig¬ 
arette smoking substantially induces O-glucuronidation 
of .V-hydroxycotinine. However, not all conjugation 
reactions are accelerated, because we find no evidence 
of a smoking effect on the //-glucuronidation of nico¬ 
tine and cotinine. 

That cigarette smoking may accelerate glucuronide 
conjugation has been reported previously. Liver micro¬ 
scales from human smokers are shown to have greater 
rates of glucuronidation of L-napthoI compared with 
those from nonsmokers. 17 The clearance of oxazepam, 
which proceeds by way of glucuronide conjugation, is 
faster in cigarette smokers compared with nonsmok¬ 
ers. 18 Likewise, the glucuronidation of mexilitene and 
propranolol is accelerated in smokers. 19 - 20 Glucu- 
ronidation of drugs is catalyzed by UDP-glucuronosyl 
transferase, of which there are many isozymes with dif¬ 
ferent substrate specificities. Further research is 
required to identify which UDP-glucuronosyl trans¬ 
ferase isozymes are affected by cigarette smoking to 
anticipate the effects of cigarette smoking an the metab¬ 
olism of other drugs. 

Ours is the first study of which we are aware to test 
the effects of carbon monoxide on drug metabolism in 
people. As noted previously, we found no effect of car¬ 
bon monoxide On the metabolism of nicotine. Based on 
in vitro and animal studies, it is likely that an effect of 
carbon monoxide on drug metabolism, if it were to 
occur, would be seen within 4 or 5 days. Animal stud¬ 
ies showing that carbon monoxide inhi bits drug metab¬ 
olism showed effects at substantially higher levels of 
carbon monoxide than those found in cigarette smok¬ 
ers. 12 Whether carbon monoxide in levels found in 
smokers has effects on metabolism of other drugs 
remains to be studied. 

The effect of cigarette smoking to decrease the vol¬ 
ume of distribution of cotinine was unexpected. One 
possible explanation for the smoking effect on the dis¬ 
tribution volume of cotinine is that smoki n g produces 
high background levels of cotinine that could compete 
for transport into tissues with infused cotinine. How¬ 
ever, carbon monoxide had a similar but smaller (and 
not quite significant) effect on distribution volume com¬ 
pared with that of cigarette smoking, raising the possi¬ 
bility that part of the smoking effect on cotinine distri¬ 
bution is related to an action of carbon monoxide. We 
are aware of no mechanism by which carbon monox¬ 
ide would be expected to affect tissue uptake of drugs. 
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